Rationale and Objectives. When diagnostic tests are repeated and combined, a number of schemes may be adopted. Guidelines for their interpretations are required.
we often encounter repeated image readings by multiple tests to evaluate reproducibility, reliability, and accuracy on the same of set of images (1) . This repeated study design better evaluates the variability caused by these factors in different individuals. Comparing diagnostic accuracy between two correlated sets of diagnostic results, one may attempt to improve either sensitivity or specificity at a natural common fixed level of specificity by administering several diagnostic tests repeatedly.
To evaluate such interobserver or intraobserver variability based on counts and proportions derived from rating data, the statistic frequently is used for measuring agreement (1) (2) (3) . Correlated statistics may be compared when evaluating reliability results based on two or more Acad Radiol 2006; 13:566 -572 pulse sequences or imaging reading methods on the same set of subjects. Because the same subjects were used for all readings, a subject-specific effect is likely to influence all ratings on a given subject, making them more similar. Consequently, dependency between ratings must be accounted for to make unbiased inferences when comparing statistics obtained for the same individuals (4) . Previously, we used a correlated study design in which six magnetic resonance (MR) imaging techniques were assessed simultaneously by two radiologists on 28 cadavers, with a subset of cadavers having medial collateral ligament (MCL) damage (1, 5, 6) . We focus on accuracy and observer variability by using a simultaneous evaluation, called side-by-side reading, for qualitative subjective preferences between the different pulse sequences.
The purpose of the present study is to develop statistical methods to assess the impact of repeated image reading on the resulting sensitivity and specificity by using three different schemes. A decision model based on data from clinical pilot analysis is established to examine the accuracy of combining multiple repeated MR imaging for hypothetical future patients with MCL damage. We consider several schemes and determine conditions leading to significant effects on combined test sensitivity and specificity. To evaluate and compare the combination schemes with repeated tests, we specify values. The statistic quantifies repeated test agreement as a way of specifying the dependence of the repeated tests on the same set of individuals. Effects of selected parameters on the improvement of the accuracy also are studied.
MATERIALS AND METHODS

Imaging Acquisition
Details of specimen preparation and image acquisition are available elsewhere (5, 6) . Test pulse sequences are shown in Figure 1 , and the following six MR imaging parameters were used on all specimens: (1) 
Image Analysis
Images using these different MR pulse sequences were evaluated independently by two musculoskeletal radiologists experienced in MR imaging and blinded to surgical results. An initial training session was provided for identification and evaluation of the MCL ligament for each cadaver (specimen) as the unit of analysis. After at least 2 weeks, images were reinterpreted by each radiologist with all six pulse sequences placed side by side on a view box. Radiologists then were asked to re-score each of the six pulse sequences by means a standardized score sheet using a five-point scale (definitely normal, probably normal, indeterminate, probably abnormal, and definitely abnormal). 
Gold Standard
Discriminatory abilities of the six MR sequences indicate diseased (D) when a complete tear of the MCL ligament was created artificially by the orthopedic surgeon or healthy (H) when the tear was not created on each cadaver. Thus, true disease status was known in the pilot data. It depends on the patient population in practice when designing a future repeated diagnostic test study.
Single Test Accuracy
Accuracy can be summarized by a pair of sensitivity and specificity values at the clinically meaningful cutoff point. In our example, the cutoff point is defined between ratings 3 (possibly normal) and 4 (probably abnormal). Sensitivity is the true positive rate (TPR) in the D population and specificity is the true negative rate (TNR) in the H individuals. We approximated single test sensitivity and specificity as described previously (1), using mean rating averaged between the two radiologists for each pulse sequence.
Dependence Structure Between Repeated Tests
The value measures reproducibility for categorical data on the same set of individuals. We use to measure reproducibility between the two correlated diagnostic tests (4). To compute , complete tears were considered present for grades of 4 or 5 and complete tears were considered absent for grades of 1, 2, or 3. Values are between Ϫ1 and 1.
Guidelines for evaluation of suggest the following guidelines for interpreting values: very good, 0.81-1.00; good, 0.61-0.80; moderate, 0.41-0.60; fair, 0.21-0.40; and poor, less than 0.20 (7, 8) . Alternatively and coarsely, 0.75-1.00 shows excellent reproducibility, 0.40 -0.75 shows good reproducibility, and 0 -0.40 shows marginal reproducibility (2,3).
Dependence Structure Between Repeated Readings
We modeled the decision processes to imply that we have conditional independence for two tests T i s, where i ϭ 1, . . . , I. In our application, I was considered up to three repetitions. Given the underlying gold standard of either H or D, we modeled the output of T i as independent diagnoses, conditioning on the gold standard. Hence, these test results on the same set of individuals were correlated.
The same underlying threshold ␥ was assumed to dichotomize results of the ith diagnostic test Ti. Sensitivity (TPR) and specificity (TNR) of a single test were denoted here by using the symbols ␣( Table 1 . By definition,
and under the marginal constraints, we solve for these respective cell probabilities as listed in Table 1 . Thus, using the Bayes rule, transition probabilities of a pair of consecutive test results for D are as follows:
Within H, similarly, proportions of the individuals U 0 , V 0 , W 0 , and X 0 also are listed in Table 1 . By definition, of k 0 ϭ (U 0 ϫ X 0 Ϫ V 0 ϫ W 0 )/{␤(1 Ϫ ␤)} and under the marginal constraints, these cell probabilities may be computed. Again, using the Bayes rule, the transition probabilities of a pair of consecutive test results for H:
Three Combination Schemes
It is optional to perform the test based on whether the test should be ordered and whether it should be repeated. Several diagnostic decisions faced with are as follows: for example, perform the test once under the "single" (S) scheme, perform the test twice under the "and" (A) scheme or "or" (O) scheme, and perform the test three times under the "majority" (M) scheme. Table 2 lists designs of schemes S, A, O, and M. The combined test acts as if it were a new test, although test accuracy varies among different schemes. Combined test accuracy may be computed mathematically by using the described transition probabilities. 
Proportions of H Individuals 
␣ ϭ Sensitivity ϭ true positive rate of each test for the D population. ␤ ϭ Specificity ϭ true negative rate of each test for the H population.
} ϭ statistic between the two tests for the H (gold standard ϭ 0) population. 
NA, not applicable. 
RESULTS
Theoretical Test Accuracy Under Three Combination Schemes
Conditions leading to significant effects on combined sensitivity and specificities are as follows: Under scheme A,
. Thus, compared with a single diagnostic test with sensitivity of ␣ and specificity of ␤, scheme A always increases specificity, particularly when single test specificity is close to 0.5 and is less than 1, but always decreases sensitivity.
Under scheme O,
. Thus, compared with a single diagnostic test, scheme O always increases sensitivity, particularly when single-test sensitivity is close to 0.5 and is less than 1, but always decreases specificity.
Under scheme M,
Thus, scheme M increases both sensitivity and specificity if their values under a single test are greater than 0.5. Furthermore, for scheme M, the incremental improvement is proportional to the squared "1 Ϫ " values. Maximal improvement in accuracies with either single sensitivity or specificity is approximately 0.79.
Combined Test Accuracy Derived From the Pilot MCL Study
When applying these results to the MCL study, which motivated this research, Table 3 lists for consecutive reading sessions in the pilot analysis by using the mean rating of the two radiologists. Mean accuracy of the two radiologists ranged from 0.50 to 0.69 for sensitivity and 0.93 to 0.98 for specificity. Of six pulse sequences, varied between 0.51 and 0.87, indicating moderate to high reproducibility between the two readers included in this pilot study. For simplicity, we assume that ϭ 0 ϭ 1 for the two gold standard categories for designing a future repeated imaging study for hypothetical patients with possible MCL damages. In Table 4 , combined test accuracy also is reported under various schemes, including A, O, and M, for such hypothetical patients in a future repeated diagnostic test study.
In Figure 2 , we show that sensitivity is within 0.50 -0.69 in a single test. Under scheme A, it decreases to 0.38 -0.59. Under scheme O, it increases to 0.53-0.79. Scheme M yielded a small improvement, reaching 0.50 -0.71 among the six pulse sequences.
In Figure 3 , specificity is within 0.93-0.98 in a single test. Under scheme A, it increases to 0.95-0.98. Under scheme O, it decreases to 0.91-0.98. Scheme M also yields a small improvement, reaching 0.94 -0.98. In this particular MCL example, because of the small improvement based on three repeated tests and the high baseline specificity, we suggest adopting scheme O in a future validation study to improve sensitivity.
DISCUSSION
Using the methods for computing combined test accuracy, we show mathematically at the beginning of the previous section that scheme A increases specificity, whereas scheme O increases sensitivity.
We conclude that scheme A is recommended to rule in a disease, whereas scheme O is recommended to rule out a disease. Scheme M generally increases both accuracy measures, and maximal improvement occurs when the single accuracy value is 0.79, showing the value of repeating a diagnostic test.
Some clinical examples that highlight when different combination schemes may be needed depending on the clinical scenario include the following. For internal derangement of joints, surgical treatment decisions often are facilitated based on results of MR imaging. There is a risk for overtreating because complex reconstructions and substantial rehabilitation time lose effectiveness if inappropriately applied. Thus, in this context, one wants to prioritize ruling in a specific diagnosis, and scheme A would be favored to improve specificity. In relation to the underlying test in question, high-contrast resolution imaging (MR arthrography) is advocated and used in our clinical practice in addition to high spatial resolution imaging to determine ligament status, particularly in athletes. In the setting of posttreatment imaging for malignant neoplasm, detecting recurrence and providing early treatment are the priority. There is a risk for undertreating and missing an opportunity to provide local tumor control. Thus, in this context, one wants to prioritize ruling out recurrence, and scheme O would be favored to improve sensitivity. Current oncology practice for tumor surveillance imaging often includes morphological assessment (eg, MR imaging) and physiological assessment (eg, positron emission tomography). Several limitations exist in our approaches. Radiologists may wish to wait until quality of the data is improved, rather than administer repeated tests on real individuals compared with cadavers, as in our pilot study.
Our model may be sensitive to several assumptions, such as conditional independence and equal marginal accuracy per repetition, but some of these baseline data may be biased estimates of their true underlying parameter values. In our pilot, sensitivity and specificity of MR imaging may be assessed subjectively and may be caused by different ways the images are displayed (1, 5, 6 ). We did not consider the presence of established clinical criteria as an additional diagnostic tool. The prior probability of MCL damage was created artificially in our pilot data, which would be different in real practice (the clinical incidence of MCL tears are much less than the approximately 30% present in the cadaveric model).
In summary, the model established in this article is an attempt to use a decision approach to evaluate repeated diagnostic tests for musculoskeletal imaging, which are frequent in practice. Our combination methods are motivated by pilot clinical data. The appropriateness of conducting repeated diagnostic tests is evaluated. Other methods available for combining classifiers or biomarkers also may be compared in the future (9 -12) .
